The subclass III group of SNF1-related protein kinase 2 (SnRK2) members is known to play an important role in ABA and osmotic stress signaling in Arabidopsis; however, the roles of other subclasses remain elusive. Here, we established a double mutant of SRK2C/SnR2.8 and SRK2F/ SnRK2.7 to investigate the functions of subclass II SnRK2s. Microarray analysis suggested that subclass II SnRK2s regulate some drought-responsive genes involving ABAresponsive element binding transcription factors (AREB/ABF) and their targets, and quantitative reverse transcription-PCR confi rmed that those genes were down-regulated signifi cantly in srk2cf . This study indicates that subclass II SnRK2s also play important roles in drought stress signaling in Arabidopsis.
SNF1-related protein kinase 2 (SnRK2) is an important stressrelated protein kinase in plants. The SnRK2 family consists of 10 members (SRK2A-J/SnRK2.1-10) in the Arabidopsis genome ( Mustilli et al. 2002 , Yoshida et al. 2002 , Hrabak et al. 2003 , and can be classifi ed into three subgroups, subclasses I-III ( Kobayashi et al. 2004 ) ( Fig. 1A ) . Most of them (except SRK2J/ SnRK2.9) are activated by high osmolarity, and fi ve members are activated by ABA ( Boudsocq et al. 2004 ) . Three members of subclass III, SRK2E/OST1/SnRK2.6, SRK2D/SnRK2.2 and SRK2I/ SnRK2.3, are strongly activated by ABA, and have essential roles in the positive regulation of ABA signaling ( Mustilli et al. 2002 , Yoshida et al. 2002 , Fujii et al. 2007 ). Recent studies have revealed that these three SnRK2s play key roles in major ABA signal transduction pathways associated with PYR/PYL/RCAR ABA receptors and protein phosphatase 2C (PP2C) to control downstream factors ( Ma et al. 2009 , Park et al. 2009 ). However, our knowledge of subclasses I and II is still limited ( Fig. 1A ) . Previously, we reported that SRK2C/SnRK2.8, a subclass II member, was strongly activated by drought stress, and that plants overexpressing SRK2C had elevated drought tolerance due to the up-regulation of many stress-inducible genes ( Umezawa et al. 2004 ). This gene was also shown to function in metabolic processes in plant growth ( Shin et al. 2007 ). The other member of subclass II is SRK2F/SnRK2.7, which is strongly activated by high osmolarity but weakly activated by ABA, similar to SRK2C ( Boudsocq et al. 2004 . Therefore, two members of subclass II may cooperate to regulate some overlapping signal transduction pathways. In this study, we resolved the function of subclass II SnRK2s in response to drought stress using a T-DNAtagged double mutant srk2cf .
First, we compared gene expression patterns of SRK2C and SRK2F in various tissues using quantitative reverse transcription-PCR (qRT-PCR) and histochemical analysis of transgenic plants expressing the β -glucuronidase gene ( GUS ) driven by their own promoters. SRK2C was mainly expressed in roots, consistent with a previous study ( Umezawa et al. 2004 ) , whereas SRK2F was expressed in roots, leaves and fl owers ( Fig. 1B ) . Histochemical analysis revealed strong expression of SRK2F in guard cells and in vascular tissues of roots, leaves and apical meristems ( Fig. 1C ) . Next, we examined the subcellular localization of SRK2C and SRK2F using green fl uorescent protein (GFP) fusion proteins expressed in Arabidopsis mesophyll protoplasts ( Fig. 1D ). The localization patterns of SRK2C and SRK2F were quite similar in the cytoplasm and nucleus, analogous to subclass III SnRK2s , Umezawa et al. 2009 ). These results suggest that SRK2C and SRK2F have different tissue specifi cities, but they might be functionally redundant at the cellular level.
To investigate further the functions of subclass II SnRK2 ( Fig. 1A ), we established a srk2cf double mutant by crossing srk2c-1 (SALK_73359) and srk2f (SALK_042338) plants ( Fig. 2A ) . The srk2cf double mutant showed normal growth under non-stress conditions ( Fig. 2B ) . Next, we checked the phenotypes of the srk2cf double mutant in response to drought using physiological drought tolerance tests, because the activation of SRK2C and SRK2F was strongly promoted by osmotic stress ( Boudsocq et al. 2004 ) . In this test, we examined the wild type, single and double mutants grown on soil by withholding water, but did not observe any clear differences in survival or visible damage among them (data not shown). Although this means that subclass II kinases do not have major effects on drought tolerance, it was still possible that subclass II kinases play some roles in drought response. Then we performed microarray analysis to survey transcription profi les in the srk2cf mutant, and clearly demonstrated that a number of genes were down-regulated in the srk2cf double mutant under drought stress ( Supplementary Table S2 ). We identifi ed 74 genes with an expression ratio of > 2.0 ( P < 0.05) after 4 h of dehydration, most of which were categorized as droughtor ABA-responsive genes. To confi rm microarray results, we selected nine genes, including RD29B , LEA genes, etc., and checked their transcripts using qRT-PCR with the wild type and mutant ( Fig. 2C ). Compared with the wild type or single mutants, induction of most genes decreased to less than half in the srk2cf double mutant after 4 h of dehydration. In contrast, RD29A , an abiotic stress-inducible marker gene, showed no difference between the wild type and the srk2cf double mutant. Thus these qRT-PCR results confi rmed our microarray data.
To examine srk2cf , we used a srk2dei triple mutant that lacks ABA responses ( Fujii and Zhu 2009 ). SRK2D, E and I regulate a large part of stress-responsive gene expression, and one of their targets is the ABA-responsive element-binding protein (AREB)/ ABRE-binding factor (ABF) -type basic leucine zipper (bZIP) transcription factor that drives gene expression via an ABRE in the promoter region ( Kobayashi et al. 2005 , Furihata et al. 2006 ). All down-regulated genes in srk2cf were severely decreased or disappeared in srk2dei , suggesting that subclass II and III SnRK2s share a part of the downstream target genes regulated by AREB/ABF-type transcription factors. In good agreement with this, down-regulated genes in srk2cf as shown in Fig. 2C were found to be well-known target genes of AREB/ABFs, e.g. RD29B or LEA genes. In fact, we found that 75 % of the top 20 downregulated genes in srk2cf contain ABREs in their promoter regions, whereas the average rate of ABREs is estimated as <10 % in the TAIR9 upstream_1,000 data set. Furthermore, several bZIP genes, including AREB1 , ABF3 or ABI5 , were also downregulated in srk2cf ( Fig. 3A ) . These results suggest some relationship between subclass II SnRK2s and AREB/ABF-type bZIP transcription factors. On the other hand, RD29A was induced SRK2C/ SnRK2.8
At2g37870
Relative mRNA levels Table S2 ) by qRT-PCR. The wild type and mutants were treated by drought stress for 0 (empty), 1 (yellow) and 4 h (orange). For each gene, the expression level is indicated as a relative value, and expression in the non-treated wild type (Cont) is defi ned as 1.0. Error bars indicate the SD ( n = 3).
normally by drought stress in srk2cf , but it was severely downregulated in srk2dei . One possible explanation is that the role of subclass II SnRK2s under drought tolerance is limited compared with subclass III SnRK2s. Subclass III kinases regulate AREB/ABFs by direct interaction and phosphorylation ( Kobayashi et al. 2005 , Furihata et al. 2006 . In this study, we identifi ed one of the ABA-related bZIP proteins, EEL ( Bensmihen et al. 2002 ) , from a yeast twohybrid (Y2H) screening using SRK2C as bait ( Supplementary  Fig. S1A ). Further analysis revealed that SRK2C and EEL were co-expressed in root tips, suggesting their functional interaction ( Supplementary Fig. S1B ). It is possible that SRK2C could interact with other bZIPs, e.g. AREB3, ABI5 or ABF1 ( Supplementary Fig. S1C ). To check whether SRK2C phosphorylates these proteins, the in vitro protein kinase assay was performed using recombinant SRK2C and bZIP proteins, EEL and ABF3. The result demonstrated that SRK2C has signifi cant activity in phosphorylating EEL and ABF3 ( Fig. 3B ) . Thus, one of the subclass II SnRK2s, SRK2C, as well as subclass III kinases, is capable of interacting with and phosphorylating multiple AREB/ ABF-type bZIP proteins. Unfortunately, we could not confi rm whether SRK2F interacts with bZIP proteins in the Y2H system. We are considering two possible ways of interpreting this result: (i) downstream targets of SRK2F may be different from those of SRK2C; or (ii) SRK2F has some specifi c problems in the Y2H system. It is unlikely that SRK2F functions are very different from those of SRK2C because there is a lot of evidence demonstrating that SRK2C and SRK2F cooperatively regulate drought-responsive gene expression ( Figs. 2 , 3 ) . However, further analysis will be required to clarify this issue.
Our data suggest functional overlap between subclass II and subclass III SnRK2s in their regulatory roles to activate AREB/ ABF bZIP-type transcription factors. However, some differences between subclass II and subclass III were found in their biochemical features. SnRK2 has two regulatory domains, namely domain I and domain II, in the C-terminal region . Although domain I is highly conserved in all 10 SnRK2 proteins, domain II is not highly conserved. Domain II contains an aspartate-rich region in subclass II/III but a glutamate-rich region in subclass I. Biochemical analysis revealed that domain II is a docking site of group A PP2Cs (e.g. ABI1), and is required for activation of ABA responses . The subclass II and III SnRK2s are weakly and strongly activated by ABA, respectively ( Boudsocq et al. 2004 ) , which is consistent with the differences in their domain II . Furthermore, SRK2C -overexpressing plants show elevated drought tolerance ( Umezawa et al. 2004 ) , whereas no such tolerance was observed in the subclass III SnRK2s (data not shown). This suggests that subclass II SnRK2s function in a different way from the subclass III SnRK2s. To examine the regulatory roles of SRK2C and SRK2F in ABA signaling, microarray and qRT-PCR analyses were performed using srk2cf mutants. Unexpectedly, we could not detect any changes in ABA-responsive gene expression between the wild type and srk2cf in microarray data (Array express accession: E-MEXP-2378), whereas the srk2dei triple mutant fully prevented ABA-responsive gene expression. The qRT-PCR analysis confi rmed most of the microarray data, and expression levels of RD29B and the LEA (At3g17520) genes in srk2cf were only slightly enhanced after 4 h of ABA treatment ( Fig. 4 ) . Therefore, the role of subclass II SnRK2s in ABA signaling was not resolved. Activation of SRK2C and SRK2F by ABA was considerably lower than that of SRK2D/E/I, and such a low level of SRK2C and SRK2F activity in response to ABA might be masked due to the extremely strong effects of the subclass III SnRK2s.
In summary, subclass II SnRK2s might be involved in a parallel pathway for activation of AREB/ABF bZIP-type transcription factors in response to drought stress, although subclass III kinases mainly participate in the ABA-dependent pathway of gene expression. In other words, subclass II SnRK2s are likely to be subclass III variant kinases that lack ABA responsiveness or have only weak activity in ABA responses. We then surveyed genome sequences of ancient species to compare them with those of angiosperms. As previously described, the subclass III SnRK2s, SRK2E/OST1/SnRK2.6, SRK2D/SnRK2.2 and SRK2I/ SnRK2.3, might be an ancient form of plant SnRK2s because they were the only SnRK2s detected in the genome of the moss, Physcomitrella patens ). To investigate further the evolutionary process of the SnRK2 family, we used the surveyed conserved motif alignment diagram and the associated dendrogram (SALAD) database to generate Three genes, RD29B , At3g15670 and At2g47770 , were selected from down-regulated genes in drought-stressed srk2cf ( Fig. 2 ) . The wild type and mutants were treated with ABA for 0 (empty), 1 (light blue) and 4 h (blue). For each gene, the expression level is indicated as a relative value, and expression in the non-treated wild type (Cont) is defi ned as 1.0. Error bars indicate the SD ( n = 3).
a dendrogram across multiple species from phototrophic bacteria to higher plants ( Supplementary Fig. S2 ). We found subclass II and III SnRK2s but not subclass I members in the genome of Selaginella tamariscina . Considering the phylogenetic relationships of Physcomitrella , Selaginella and angiosperms, subclass II could be an intermediate molecule during the transition from subclass III to subclass I. We conclude that SnRK2s are key molecules that unify different abiotic stress signals in plants; therefore, further intensive research on the function of each of the three subclasses of the SnRK2 is needed to understand fully the mechanisms of abiotic stress responses in plants.
Materials and Methods
Plants were grown on GM agar medium under 16 h light/8 h dark conditions at 22 ° C for 2 weeks. After pre-conditioning of plants in 10 ml of water overnight, plants were exposed to dehydration stress or 100 µM ABA for the indicated times ( Figs. 2-4 .). The srk2c-1 (SALK_73359) and srk2f (SALK_042338) T-DNA insertion alleles were obtained from the Arabidopsis Biological Resource Center. We established the srk2cf double mutant by crossing srk2c-1 and srk2f single mutants. A Pro SRK2F ::GUS construct was obtained by amplifying 1.5 kb of the SRK2F promoter region using the primer pair 5 ′ -CGC GGATCC TGCTATCACCCAACCA CTCA-3 ′ and 5 ′ -CGC GGATCC TGATCGGAGGATCAAAGAACA GA-3 ′ ( Bam HI site is in italics), and generated transgenic plants as described ( Umezawa et al. 2004 ).
To examine the subcellular localization, Arabidopsis mesophyll protoplasts were prepared and transfected according to Yoo et al. (2007) . We prepared pGreen0029 vectors ( Hellens et al. 2000 ) harboring GFP:SRK2C or SRK2F, and transfected 20 µg of plasmid DNAs per 3 × 10 4 protoplasts. The fl uorescence was observed with a laser-scanning confocal fl uorescence microscope.
For microarray analysis, total RNA was isolated from plants after dehydration or ABA treatment, using Trizol reagent (Invitrogen, Carlsbad, CA, USA). Microarray analysis using the Affymetrix ATH1 genome array (Affymetrix Inc., Santa Clara, CA, USA) was performed according to the manufacturer's instructions. Each analysis was repeated in triplicate from different lots of plant material. Microarray data were analyzed using the affylmGUI package running on the R program ( Smyth 2004 ) . All microarray data were deposited in the ArrayExpress database (accession Nos. E-MEXP-2377 and E-MEXP-2378).
For qRT-PCR analysis, 2 µg of total RNA treated with RNasefree DNase (TAKARA SHUZO CO. LTD., Shiga, Japan) was used for reverse transcription with SuperScript III reverse transcriptase (Invitrogen). Real-time PCR was performed using the ABI Prism 7000 sequence detection system (Applied Biosystems, Foster City, CA, USA). For normalization, 18S rRNA was used as an internal standard. The gene-specifi c primers used for real-time PCR analysis are shown in Supplementary Table S1 . Y2H screening was performed with the MatchMaker3 yeast two-hybrid system (Clontech, Mountain View, USA) according to the manufacturer's instructions. The open reading frame of SRK2C was cloned into the pGBKT7 vector (Clontech) and used as bait. An Arabidopsis cDNA library was constructed in the pGADT7 vector (Clontech) from an RNA pool of a mixture of ABA-, drought-, salt-, and cold stress-treated samples.
An in vitro phosphorylation assay was performed as described previously ). EEL and ABF3 cDNAs were cloned into the pTNT vector (Promega, Madison, WI, USA) with a myc-tag, and proteins were synthesized with an in vitro translation system using rabbit reticulocyte lysate (Promega). The myc-tagged proteins were immunoprecipitated by anti-myc polyclonal antibody (MBL, Nagoya, Japan). Recombinant SRK2C proteins were prepared using the pGEX-4T-3 vector system (GE Healthcare, Piscataway, NJ, USA). Luciferase (LUC) was used for a positive control of in vitro translation.
Supplementary data
Supplementary data are available at PCP online. 
Funding

